INTRODUCTION
Residual dipolar couplings of partially oriented molecules yield valuable structural information and can be used to correlate distant nuclear spins in high-resolution NMR (1) (2) (3) (4) (5) (6) . Homonuclear Hartmann-Hahn (TOCSY) transfer (7-9) through residual dipolar couplings has found useful applications in biological NMR (5, 6) . The corresponding experiments based on J couplings (isotropic mixing) (7) and on dipolar couplings (dipolar mixing) have several common features, but also distinct differences (5, 9, 10) . In order to create energy-matched conditions, both isotropic and dipolar mixing experiments rely on the effective suppression of offset terms. However, the specific forms of the isotropic and dipolar coupling tensors give rise to very different transfer dynamics (5, 9, 11, 12) . In addition, the different transformation properties under rotations can result in very different scaling properties of isotropic and dipolar coupling constants under the same multiple-pulse sequence (10, 13) . As the rate of polarization or coherence transfer is directly proportional to the size of the (scaled) effective coupling constants, large scaling factors are highly desirable in order to minimize relaxation effects. Here, we present optimized dipolar mixing sequences with useful bandwidths and considerably improved scaling factors compared to previously suggested sequences. 1 To whom correspondence should be addressed. E-mail: glaser@ch.tum.de.
THEORY
We consider a system of dipolar-coupled spins with coupling terms of the form H d,kl = 2π D kl (I kx I lx + I ky I ly − 2I kz I lz ) [1] for each spin pair (kl). The residual dipolar coupling constant is given by (14)
A a (3 cos 2 θ − 1) + 3 2 A r (sin 2 θ cos 2φ) , [2] where S is a generalized order parameter, γ k is the gyromagnetic ratio of spin k, r kl is the internuclear distance, and A a and A r are the axial and rhombic components of the molecular alignment tensor, in whose principle axis system the bond vector is defined by the cylindrical coordinates θ and φ. If the form of the coupling tensor is conserved by the multiple-pulse sequence (10) , the effective coupling terms can be expressed as [4] with |s kl | ≤ 1. Because in the principal axis system of the effective Hamiltonian H eff d,kl the transfer of transverse (x , y ) magnetization is markedly different from the transfer of longitudinal (z ) magnetization, we will frequently translate transfer functions T α (for α = x, y, or z) from the rotating frame to transfer functions T α (for α = x , y , or z ) in the principal axis frame, in order to facilitate comparison. Compared to the MLEV-16 sequence (15) with an on-resonance dipolar scaling factor of |s kl | = 1/4 (13), the phase-alternating sequences WALTZ-16 (16) and DIPSI-2 (17) yield a more favorable on-resonance scaling factor of |s kl | = 1/2 (13) . In principle, a scaling factor |s kl | = 1 can be achieved by Carr-Purcell-type sequences (18) , consisting of a series of ideal, hard 180
• pulses (13) . However, previously such sequences have not been considered for applications in practical dipolar mixing sequences, because infinitely short pulses cannot be implemented in practice. In fact, pulse sequences of this type were suggested in the seminal paper on homonuclear isotropic mixing experiments based on J couplings (7), but never found widespread use because of their limited bandwidth (9) . However, as will be shown below, series of properly phase-cycled 180
• pulses with finite amplitudes and optimized durations of the delays between the pulses form an attractive class of homonuclear dipolar mixing sequences. We refer to this class of mixing sequences as modified phase-cycled Carr-Purcell-type (MOCCA) sequences.
The basis cycle of a Carr-Purcell sequence (characterized by the length of the 180
• pulse d and the duration of the windows ) is shown in Fig. 1 . In a toggling frame defined by the rf sequence and considering just zero-order effects, offset terms average to zero, creating energy-matched conditions (9) . The zero-order average dipolar coupling terms can be derived in a straightforward way (see Appendix) and have the form 
[5]
This (zero-order) average Hamiltonian approximates a valid effective Hamiltonian H eff provided that the cycle time τ cyc of the sequence fulfills
where ν max off is the largest offset in the spin system (19, 20 For an effective Hamiltonian of the form of Eq. [5] , the transfer functions of x, y, and z magnetization are given by (9) [7] where {α, β, γ } are permutations of {x, y, z}. For the two limiting cases d and d, where the effective Hamiltonian has the form of Eq. [3] the transfer functions reduce to the following form in the principle axis system {x , y , z } of the effective dipolar coupling tensor: [5] and [7] (corresponding to D eff kl = D kl in Eqs. [3] and [8] ). In this case, the transfer curves T x = T y = T x = T y (see Fig. 2B , dashed thin curve) reach extrema approximately at τ = 0.3/|D eff | ≈ 0.3/|D| and T z = T z (see Fig. 2A , dashed thin curve) has a maximum at τ = 1/(2|D eff |) ≈ 1/(2|D|). This is the most desirable limit with the fastest transfer rate.
In order to increase the active offset range of dipolar transfer, we now consider modified phase-cycled Carr-Purcelltype sequences, consisting of an inversion element R ϕ = ( /2-180
• ϕ -/2) that is subject to commonly used supercyles. In order to use a concise notation, we refer to the various members of the MOCCA family by indicating the cycle (or supercycle) as an extension. For example, the MOCCA-M16 and the MOCCA-XY16 sequences consist of 16 elements R ϕ with phases 0, 0, π, π, π, 0, 0, π, π, π, 0, 0, 0, π, π, 0 corresponding to the MLEV-16 supercycle (15) and 0, π/2, 0, π/2, π/2, 0, π/2, 0, π,3π/2, π, 3π/2, 3π/2, π, 3π/2, π corresponding to the XY-16 supercycle (21, 22) , respectively. Similarly, in the MOCCA-M4P9 sequence the basic inversion element R ϕ is expanded according to the M4P9 supercycle (23, 24) . Note that the average coupling term given in Eq. [5] is not valid for MOCCA-XY16 and MOCCA-M4P9 because also phases ϕ other than 0 or π are used in these sequences. However, Eq. [5] is still valid for MOCCA-M16 if rf inhomogeneity is neglected and the on-resonance case is considered. For MOCCA-XY16 Table 1 Table 1 ). The on-resonance transfer functions T x = T z and T y = T z = T x of DIPSI-2 are identical to the solid thin curves shown in A and B.
the average coupling term on resonance is given by
since the phase cycle leads to an average between Eq. [5] and Eq. [5] with x and y interchanged. In contrast to Eq. [5] , this average coupling term has the form of Eq. [3] for all values of with
and x = x, y = y, and z = z. For all MOCCA-type sequences, d is desirable in order to maximize the on-resonance scaling factor. However, the maximum value of is limited by Eq. [6] . Hence, based on the simple zero-order average Hamiltonian arguments given above and considering that the 180
• pulse duration d = 1/2ν rf is limited by the maximum available rf amplitude ν max rf , the optimal duration of the delay is expected to be found in the range
[11]
For example, Fig. 3 shows numerical simulations of the offset dependence of the transfer efficiency of the MOCCA-M16 sequence with an rf amplitude of 12.5 kHz for a range of delays and D = D kl = 10 Hz. Realistic transfer functions T inh α (τ ) in the presence of rf inhomogeneity were simulated using an extended version of the program SIMONE (25) by superimposing a series of ideal transfer functions T α (τ ) for different nominal rf amplitudes, weighted by a Gaussian rf inhomogeneity distribution with a width of 10% at half-height (9) . For the MOCCA-M16 sequence the on-resonance effective Hamiltonian is identical to Eq. [5] . Based on this effective Hamiltonian and the theoretical transfer function given in Eq. [7] , the transfer amplitude , which according to Eq. [7] does not give rise to transfer of x magnetization. Note that for d efficient coherence transfer is limited to a relatively narrow region along the diagonal, with |ν 1 − ν 2 | 1/ ; e.g., in Fig. 3F , the transfer is limited to |ν 1 − ν 2 | < 1.5 kHz. This example demonstrates the need to optimize the delay for various members of the MOCCA family in order to find an optimal compromise between usable bandwidth and large scaling factors s kl .
OPTIMIZED SEQUENCES
The delay was optimized for various MOCCA sequences to maximize the dipolar transfer efficiency in a defined offset region using an extended version of the program SIMONE (9, 25) . The results for a target spectral width of 8 kHz and different magnetization components are summarized in Table 1 for MOCCA-XY16, MOCCA-M16, and MOCCA-M4P9 for an rf amplitude ν rf = 12.5 kHz. In addition to the optimized pulse sequence parameter /d, Table 1 also summarizes scaling factors s for optimal transfer time and on-resonance transfer amplitudes, as well as absolute and relative bandwidths. The scaling factor s is defined as τ id /τ opt , where τ id corresponds to the first extremum of the transfer functions under the unscaled dipolar coupling Hamiltonian H d,12 (Eq. [1] ) and τ opt is the mixing time at which the first extremum of the transfer function is reached for a given multiple-pulse sequence, assuming both spins to be on Note. An rf amplitude of ν rf = 12. resonance and taking into account the effect of rf inhomogeneity. This scaling factor s based on the transfer time approaches the scaling factor s kl for MOCCA-XY16 which according to Eq. [9] conserves the form of the dipolar coupling term for all values of . For MOCCA-M16 and MOCCA-M4P9 the s values can still be defined based on the transfer times even though Eq. [4] does not apply because the form of the dipolar coupling term is not conserved by these sequences. For example, for the transfer of y magnetization τ id = 30 ms (see thin dashed line in Fig. 2 B) whereas for MOCCA-M16 with = 88 µs (see Table 1 and MOCCA-M4P9 sequences and T inh y (τ ) for MOCCA-M16 and MOCCA-M4P9. For the optimized MOCCA sequences the transfer of magnetization (bold curves in Fig. 2 ) is more than 50% faster than that for DIPSI-2 (thin curves in Fig. 2 ). Also the maximum transfer amplitudes |T inh α (τ opt )| of the MOCCA sequences are comparable to or even higher than the corresponding maximum transfer amplitudes of DIPSI-2 (see Fig. 2 ).
EXPERIMENTAL
The MOCCA and DIPSI-2 mixing sequences have been applied to an approximately 5 mM sample of bovine red blood cell ubiquitin in a H 2 O/D 2 O 90/10 solution at pH 6.5 and 303 K (commercially available from Sigma, Inc., St. Louis, MO, and used without further purification) in a 5-mm thin-wall tube (550 µl). Orientation was induced with a dilute liquid crystal solution consisting of 3% CHAPSO/DLPC/CTAB (1 : 5 : 0.1) (CHAPSO, DLPC, Sigma, Inc.; CTAB, Acros, New Jersey) (26, 27) . All experiments were performed at 303 K on a Bruker DRX 600-MHz spectrometer (Bruker Analytik GmbH, Rheinstetten, Germany) equipped with TXI HCN z-gradient probes. Spectra were processed using XWINNMR 2.6 (Bruker Analytic GmbH) and Felix 98 (MSI, San Diego, CA). The basic z-filter version of a 2D TOCSY is shown in Fig. 5 . All TOCSY experiments (DIPSI-2, MOCCA-XY16, MOCCA-M4P9, MOCCA-M16) were recorded with an rf amplitude ν rf of 12.5 kHz. In order to achieve the maximum transfer between the amide protons which are not scalar coupled to each other, we irradiated the mixing sequences at the NH resonances and jumped the proton frequency back to the water resonance before detection. These frequency jumps were also performed with DIPSI-2 for better comparison. A typical dipolar mixing experiment for the transfer of z magnetization is shown in Fig. 6 . For different mixing sequences buildup curves as a function of the mixing time were recorded for a comparison of experimental and theoretical transfer functions (Fig. 7) . The following mixing times were used: 30, 60, 90, 120, and 150 ms for z transfer using MOCCA-XY16; 30, 60, 90, and 120 ms for z transfer using DIPSI-2; and 24.12, 48.24, and 72.36 ms for y transfer using MOCCA-M4P9. For all other mixing sequences also spectra were recorded but the ones listed performed best in the experiments, as expected from simulations. For the transfer of z magnetization the maximum transfer amplitude of MOCCA-XY16 is between 14% (B) and 61% (A) larger than that of DIPSI-2. This difference increases dramatically for longer mixing times. At a mixing time of 120 ms the peaks in the MOCCA-XY16 experiment are on average a factor of 4 larger than those in the DIPSI-2 experiment. The fastest y transfer is found for MOCCA-M4P9. Table 1 (contour lines as in Fig. 3 ). The chosen mixing times τ opt correspond to the first extremum of the functions T inh α (τ ) for the respective MOCCA sequence; see Fig. 2 and Table1. for a given application, scaling factors s kl of about 1 can be reached using MOCCA sequences with d. For broadband applications, slightly reduced scaling factors have to be taken into account. For example, the MOCCA-XY16 sequence which was optimized for broadband dipolar mixing transfer (Table 1) has a maximum scaling factor s kl = 0.75 for coherence transfer and s kl = 0.74 for polarization transfer, which are about 50% larger than the scaling factor |s kl | = 0.5 of DIPSI-2 (or WALTZ-16). These increased scaling factors of the MOCCA sequences directly translate into faster transfer dynamics (see Fig. 2 and Fig. 7) . In principle, faster transfer reduces relaxation losses. However, the effective relaxation rates also depend on the trajectories of magnetization and coherences during a given multiple-pulse sequence. Based on a simple (invariant) (28) . During a typical repetition delay of 1.5 s a low-power presaturation was applied to reduce radiation damping. The delay z = 3 µs and the following 180 • pulse refocus chemical shift evolution during the first t 1 increment. Carrier positions: 1 H = 4.65 ppm (7.6 ppm during the dipolar mixing sequence). FQ indicates frequency jumps between the water resonance and the amide region (see text). Except for the dipolar mixing (TOCSY) sequence, proton pulses were applied using a 36.75-kHz rf field (π pulse 13.6 µs). For water suppression a watergate sequence was used (29) . Gradients (sine-bell shaped): G 1 = (1 ms, 30 G/cm). For the 2D version of the experiment 16 scans per t 2 (768 complex points, spectral width 7788 Hz) experiment were recorded with 2048 complex points in t 2 (spectral width 7788 Hz), giving rise to a total measurement time of about 6 h for each 2D version of the experiment. trajectory model that ignores ZQ contributions (30, 9) , the following conclusions can be drawn for characteristic cases of interest: In MOCCA-type sequences with d the transfer of z magnetization is mainly subject to T 1 processes, whereas the transfer of x or y magnetization is dominated by the much faster T 2 relaxation. In DIPSI-type experiments (as well as for MOCCA sequences with d) the transfer of y and z magnetization is subject to an average of T 1 and T 2 processes whereas the transfer of x magnetization is dominated by T 2 relaxation. This qualitatively explains the observed decay rates of the ex- perimental transfer functions in Fig. 7 . In addition, the apparent decay rates are in part a result of the fact that the spin systems consist of more than two dipolar-coupled spins in which the transfer dynamics of coherence and polarization transfer can be significantly different (12) . In practice, the optimized MOCCA sequences are preferable to DIPSI-type sequences due to their improved scaling properties and (in particular for the transfer of z magnetization) because of their favorable effective relaxation rates, as expected based on the presented theoretical and experimental results. For the latter reason the new mixing sequences will be important building blocks in many experiments based on homonuclear dipolar transfer. For example, in J HH -NOESY experiments (31) the NOESY transfer step can be replaced by a dipolar mixing step. Relative to the applied rf power, the bandwidth of the MOCCA sequences is comparable to the bandwidth of DIPSI-2. 
